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The laminar case, where the fluid flow is calm and experiences minimal mixing, has an Re < 1. Here drag force F D is solely dependent on the effective radius of the object R, velocity v, and dynamic viscosity of the fluid m, given by Stokes' law. 1
This special case is derived for spherical objects and demonstrates a linear relationship between drag force and relative velocity between the object and fluid. One interesting quality of Stokes' law, its ability to determine a fluid's dynamic viscosity, is shown through a fairly simple yet robust experiment. A series of foam spheres 2 are attached to a metal rod that is pulled, at a range of speeds, 3 through a flume 4 containing castor oil 5 using a motorized slide positioner system. 6, 7 The drag force is read by a force meter 8, 9 attached to the rod and mounted on the positioner (Fig. 1) . From the measurements, plots of drag force versus velocity are constructed and then fit linearly (Fig. 2) . It is important to note that the range of Re is too small to visualize the nonlinearity of Stokes' law at higher values of Re. The dynamic viscosity, as measured by the force meter (which includes the contributions from the flume walls), is extracted from the slope m of this fit, according to Stokes' law:
Larger spheres have a higher measured dynamic viscosity; this is due to the presence of the walls. 10 Under ideal conditions, i.e., a flume with infinite width and depth, the slope of the linear fit would correspond to the true dynamic viscosity of the castor oil. As the ratio of the diameter of the flume to sphere increases, the linear trends appear to approach an ideal behavior. Investigating the rate of decline of the slopes allows the extrapolation of this true dynamic viscosity, even with significant wall effects (Fig. 3) . The dynamic viscosity of the castor oil is determined to be 1.31 Pa•s at 17 °C, with an experimental error of only 3.64% from the accepted value of 1.265 Pa•s. 11 Another ability of this apparatus is to investigate the geometrical independence of Stokes' law at low Reynolds numbers. 1 T he experiments described in this paper have two goals. The first goal is to show how students can perform simple but fundamental measurements of objects moving through simple liquids (such as water, oil, or honey). In doing so, students can verify Stokes' law, which governs the motion of spheres through simple liquids, and see how it fails at higher object speeds. Moreover, they can qualitatively study fluid patterns at various object speeds (Reynolds numbers). The second goal is to help students make connections between physics and other sciences. Specifically, the results of these experiments can be used to help students understand the role of fluid motion in determining the shape of an organism, or where it lives. At Saint Joseph's University we have developed these experiments as part of a newly developed course in biomechanics where both physics and biology undergraduate students bring their ideas and expertise to enrich a shared learning environment.
Any object moving through a fluid will experience a force antiparallel to the direction of motion. This resistive force, known as "drag, " varies quite dramatically between calm and turbulent regimes. In order to quantify the type of regime an object is in, or how an object may change the surrounding flow patterns, the dimensionless Reynolds number (Re), defined as the ratio of inertial to viscous forces in a system, is used. Inertial forces arise from pressure differences across an object traveling through a medium, whereas viscous forces are the result of friction between the object's surface and the surrounding fluid. Re allows for a quantitative characterization of various flow regimes, where r is fluid density, v is velocity, l is a charac- This is indicated by the extrapolation of the linear fits to very low Reynolds numbers (Fig. 4) .
The two objects, which have equal surface areas, produce similar drag forces in the laminar conditions found at very low Re. However, as Re grows, the two trends start to diverge from one another. The larger frontal area of the sphere creates a larger wake region, resulting in greater pressure drag. As the pressure forces begin to take over, the fluid sheets begin to separate from the object, creating low-pressure regions, known as "wakes, " behind the object. By exchanging the castor oil for water, using the rod alone, and varying the velocity, we can visualize the progression of the turbulent wakes (Fig.  5) . Visualization of the turbulent features can be enhanced by sprinkling the surface of the water with brine shrimp eggs. 12 In purely laminar systems, fluid layers do not separate, but creep around the object [ Fig. 5(a) ]. As inertial forces grow, two separation points occur, resulting in two attached vortices trailing the object [ Fig. 5(b) ]. With more turbulence, the attached vortices grow larger and increasingly unstable. One pushes the other back, resulting in an alternation known as the Von Kármán vortex trail [ Fig. 5(c) ]. 1 Eventually there is a totally unstable region following the object where the drag force is solely governed by inertial forces [ Fig. 5(d) ].
In conclusion, the basic properties of Stokes' law are seen quite vividly through this experimental procedure and setup. Even in the presence of such obstacles as wall effects, the dynamic viscosity of the fluid under study can be determined with a high degree of accuracy. In addition, using differentshaped foam objects further demonstrates how Stokes' law truly works and under which conditions it is valid. The versatility of the apparatus also allows for the visualization of flow patterns in different Reynolds number regimes and the transition from laminar to turbulent flow.
These experiments provide an excellent opportunity to similar drag forces due to the equal contact (and thus equal skin friction) between the fluid and the objects' surface. To investigate this we repeated the above experiment using a cube with the same surface area as one of the spheres (Fig. 4) . Since we lack data for Re << 1 (due to the resolution of the force sensor), we only see an indication of the geometrical shape independence for symmetric objects. Namely, as the Re decreases, the data for both (the sphere and the cube) begin to converge. introduce students to biological implications of physical phenomena. The fact that form affects drag force only at larger Re can be illustrated by the difference in morphology between large, fast organisms such as tuna (Re = 3 × 10 7 ), which rely on their fusiform shape to move efficiently through the same aquatic medium in which the much smaller plankton (Re = 0.3) are able to move easily without such streamlining. The variations in wake morphology illustrated in the second part of this experiment are also important at larger ecological scales. Flow separation over objects such as coral heads, streambed cobbles, or downed trees produce regions of reduced velocity and turbulence that organisms can exploit. Aquatic insect larvae can use these relatively calm regions to facilitate settlement to the bed, 13 while fish can use them to hold station while feeding on larvae or other food particles that may drift past. 14 Learning about basic fluid dynamics and its implications to the biological world gives students a sense that various sciences are not separated, but rather intricately connected. Most importantly, students are immediately introduced to real-life applications of physical phenomena.
Acknowledgment
This work was supported by an Undergraduate Science Education grant from the Howard Hughes Medical Institute. 
